Vitellogenin (VTG) and apolipoprotein (APO) play a central role in animal reproduction and lipid circulation, respectively. Although previous studies have examined the structural and functional relationships of these large lipid transfer proteins (LLTPs) from an evolutionary perspective, the mechanism in generating these different families have not been addressed in invertebrates. In this study, the most comprehensive phylogenetic and genomic analysis of the LLTP superfamily genes is carried out. We propose the expansion and diversification of LLTPs in invertebrates are mediated via retrotransposon-mediated duplications, followed by either subfunctionalization or neofunctionalization in different lineages. In agreement with a previous hypothesis, our analysis suggests that all LLTPs originate from a series of duplications of a primitive yolk protein gene similar to VTG. Two early consecutive duplications of the yolk protein genes resulted in the formation of microsomal triglyceride transfer protein (MTP) and the APO gene ancestor. Gains and losses of domains and genes occurred in each of these families in different animal lineages, with MTP becoming truncated. MTP maintained only the components stabilizing the huge lipoprotein particle. Surprisingly, for the first time, two VTG-like protein families were found to independently arise in the lineages of insects. This work consolidates the reconstruction of the evolutionary roadmap of the LLTP superfamily and provides the first mechanistic explanation on the expansion of family members via retrotransposition in invertebrates.
INTRODUCTION
Transposable elements mediated gene duplication and whole genome duplication (WGD), such as two rounds of WGD in vertebrates and an additional WGD in ray-finned fishes, have been proposed to be the essential forces in shaping the functional diversification of various gene families in animals [1À8] . To date, there are only limited studies showing the evolutionary mechanism involved in the functional diversification of animal reproductive components. Perhaps one of the best described examples is the vitellogenin (VTG) gene family members in vertebrates. The duplication of VTG members appears to be a result of either sub-or neofunctionalized WGDs. Yet, the major mechanism underlying the generation of invertebrate reproductive components is unclear, and whether transposable elements contribute to such diversification also remains unknown.
VTG and apolipoprotein (APO), which includes insect apolipophorin-II/I (apoLp-II/I) and vertebrate apoB, are two important well-known members of the large lipid transfer protein (LLTP) superfamily central to animal reproduction and energy metabolism. VTG, the major yolk protein in most oviparous animals, is involved in maternal deposition of nutrients that act as the primary energy source during early embryonic development. On the other hand, an APO such as apoB in vertebrates has a principal role in the circulation and metabolism of plasma triacylglycerols and cholesterol and is an essential structural component for the formation and secretion of very low density lipoproteins [9] . In addition to the VTGs and APOs, the LLTP superfamily contains another family member known as the microsomal triglyceride transfer protein (MTP). In vertebrates, the MTP mainly functions as the transporter of triacylglycerol and plays an important role in assisting the formation of nascent lipoprotein particles [10À12] . Although the functions of LLTPs have been extensively studied, the evolution of this superfamily, especially the mechanism in generating these different families in the invertebrates, has yet to be completely resolved.
Earlier studies proposed, based on sequence similarities [13À15] , that different family members of the LLTP superfamily are derived from a common gene family ancestry. Based on domain structure analyses, VTG was hypothesized to be the most ancestral gene family giving rise to APO and MTP [15, 16] . With the presence of multiple LLTP isoforms with distinct structures and functions across and within species [17À19], how these highly diverse family members arose in different animal lineages remains obscure.
Presumably because of the relatively fast and heterogeneous substitution rate among different LLTP families, attempts to resolve the phylogenetic relationship of LLTPs (e.g., [13, 20, 21] ) suggest a complex evolutionary pattern. For example, the yolk proteins broadly named as VTG of crustaceans for decades are now found to be phylogenetically closer to insect apoLp-II/I and vertebrate apoB than to the insect and vertebrate VTGs [15, 20, 21] and should therefore be renamed as apolipocrustaceins. Moreover, the replacement of VTG in echinoderms and higher diptera by transferrin-like protein and lipophorin lipase [22, 23] further complicates the evolutionary history of the LLTP superfamily. Considerations of solely using the revealed functions of LLTP genes to characterize different family members also do not work. For instance, the presence of immune-related LLTPs in arthropods, such as clotting protein (CP) in crayfish and shrimp [24, 25] and melanization-related protein (MRP) in insects [26] , suggests the occurrence of neofunctionalization of certain LLTPs in the evolution of different animal lineages. The fundamental problem is that all of these studies have either focused only on a handful of animals when constructing the LLTP gene trees or only the functions of the genes by considering their phylogenetic positions (not to mention that not all LLTP isoforms have been tested for functions). To fully elucidate how the structure and function of this important gene family diversified during animal evolution, it is necessary and sensible to perform a comprehensive analysis of the phylogenetic relationships of all the LLTP superfamily genes in relation to their functions in all the major animal groups.
Another currently missing issue in the field is a lack of mechanism in explaining the generation of the different LLTP families. Finn and Kristoffersen [27] hypothesized that WGD is the major force for the diversification of VTG in vertebrates, especially in ray-finned fishes. While this proposal is especially insightful in explaining the situation that happened after the three rounds in teleosts, the same schema does not explain and account for the diversification of LLTPs in the majority of invertebrates that have not gone through WGD.
In an attempt to reveal the mechanism in generating these different LLTP families in invertebrates and to fully resolve the origin and evolutionary history of these proteins, using selected available sequences from public databases, we performed the most comprehensive evolutionary analysis of the LLTP superfamily to date. Herein, a detailed evolutionary roadmap for the different LLTP superfamily members is proposed. While the mechanism driving the diversification of LLTPs in vertebrate lineages is mainly explained by WGD, we postulate for the first time that retrotransposon-mediated duplication is the process involved in the generation of these different invertebrate reproductive components.
MATERIALS AND METHODS

Data Retrieval
The annotated and homologous protein sequences of the LLTP family were retrieved from GenBank database using a PSI-BLAST search [28] with known LLTP from insects and vertebrates, the Ensemble genome sequence database (Release 45), and from an earlier study [15] . LLTP sequences used for phylogenetic analysis were chosen based on the phylogenetic positions, and most gene sequences based on gene model predictions without cDNA 
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sequencing supports were discarded. The accession numbers and information of the sequences used in this study are listed in Supplemental Table S1 (available online at www.biolreprod.org).
Sequence Alignment
The domain composition of LLTPs was analyzed using the SMART program [29] . The predicted lipoprotein N-terminal domain of each protein was used for multiple sequence alignment, using ClustalX 1.83 [30] , and was adjusted by visual inspection. Portions of alignments where information was only available for small subset of taxa were excised.
Phylogenetic Inference
Neighbor-joining (NJ), maximum likelihood (ML), and Bayesian inference (BI) trees were reconstructed using MEGA 3.1 [31] , RAxML7.0.3 [32] , and MrBayes 3.1 [33] , respectively. An NJ tree was generated using a JTT model to calculate pairwise distance, and the reliability of the branches was assessed with 2000 bootstrap resamplings. An ML tree was constructed with WAG þ C þ I substitution model estimated using ProtTest 1.3 [34] . A 50% majority rule consensus tree was constructed from 1000 bootstrap pseudoreplicates. Bayesian analyses of the datasets were performed using the same substitution model. In Bayesian analyses, starting trees were random; four simultaneous Markov chains were independently run two times for 5 3 10 6 generations, with burn-in values set at 1 3 10 6 generations based on empirical values of stabilizing likelihoods. Trees were sampled every 500 generations.
RESULTS
Partitioning of the LLTP Superfamily
Using the most comprehensive LLTP gene family dataset to date, we constructed an LLTP gene tree using the BI and ML methods ( Fig. 1 ) and also individual trees with major animal groups using both the NJ and BI methods (Figs. 2-5). Phylogenetic analyses of LLTP superfamilies, including those in insects ( Fig. 2A ) and ray-finned fishes (Fig. 2B ), all suggest that LLTPs can be generally classified into several families, including the MTP family, the APO family, and the VTG family. These different families of LLTPs showed a similar and parallel evolutionary pattern in insects and ray-finned fishes. In addition, there were also two unique paralogous families, referred as immune-related protein family (IP) and a protein family of unknown function (UP), present in insects and fishes, respectively (Fig. 2 ). These two functionally distinct families together with the closely related VTG family are herein referred to as VTG-like proteins.
Evolution of the MTP Family
Proteins of the MTP family were the shortest in sequence length among all the LLTP families (average ;887 amino 
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acids [aa] ) and contained three conserved domains: the Nterminal b-barrel, the central a-helical domain, and the Cterminal lipid-binding cavity. Compared to other LLTPs such as VTG and APO, the lipid pocket of MTP is much smaller in size [35] , and its major function has been shown to be the transfer of neutral lipids between membranes in vitro [35] . In particular, MTP binds to the N-terminal b-strands of nascent apoB to stabilize the huge spatial structure and facilitate the transportation of diacylglycerols and cholesterol.
In our analysis, MTP was found to be a single copy gene present in all vertebrates and most invertebrates (Figs. 2 and 3 ). The literature reported dsc-4 (NP_499903) as the MTP orthologue in Caenorhabditis elegans [36] , and it only shared marginal similarity with MTPs in other animals in our phylogenetic analysis (,20% identity). Furthermore, considering that the diagnostic structural components common to all LLTPs cannot be identified in dsc-4, including the highly conserved lipoprotein N-terminal domain, we speculate that either the sequence of this gene evolved at a fast rate or, more parsimoniously, this gene arose independently and is not orthologous to MTPs.
Evolution of the APO Family APO of insects. In contrast to previous reports where there is only one type of insect APO [9, 37] , we found the insect APOs here can be classified into two structurally distinct groups, which are referred to as the long-form (average ;4300 aa) and short-form (average ;3300 aa) subfamilies (Figs. 1 and  2A) . Members of the short-form subfamily were proteins formerly characterized as apoLp-II/I, which have also named as retinoid-and fatty acid-binding proteins [38] . The long-form APOs represent a novel protein subfamily with structures comparable to that of human apoB. Here, we tentatively name this subfamily as apolipoprotein IV (apoLp-IV). Similar to apoLp-II/I, apoLp-IV also contained a C-terminal von Willebrand factor type D domain (vWD) that is required for multimerization [39] . Given the high similarity in sequences, it is possible that the apoLp-II/I and apoLp-IV originated from a common ancestral gene and then separated after gene duplication.
In comparison to the vertebrate apoB, insect apoLp-II/I lacked half of the C-terminal b-barrel domains as well as the lipoprotein receptor (iLR)-binding sites [37] . Prior to this study, it was difficult to explore or interpret how lipoprotein Table S1 .
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internalization occurred at the cell surface, although several iLRs have been identified [40] . The identification of the novel apoLp-IV subfamily presented here raises the possibility that apoLp-IV may function similarly to vertebrate apoB, that is, participating in the recognition and subsequent internalization of insect lipoprotein particles. We postulate that apoLp-IV functions as an exchangeable component by forming a heterodimer with apoLp-II/I through the interaction with the vWD.
APO of crustaceans. Based on our phylogenetic and structural analyses, the major yolk proteins of crustaceans were found to be closely related to APOs (Figs. 1 and 3A) , in agreement with the recent findings that rename crustacean yolk protein as apolipocrustacein [15, 20] . Because no protein structurally equivalent to VTG has yet been identified in this group of animals, apolipocrustacein may have a dual function in crustaceans, that is, participating in the circulation of lipid contents and also serving as the major yolk protein in developing oocytes for lipid and amino acid deposition. Interestingly, possibly as a result of enduring double selective pressure, the average length of crustacean APOs was about 2570 aa, roughly between insect apoLp-II/I (;3300 aa) and VTG (;1880 aa). We note that two copies of apolipocrustacein have been identified in the shrimp Metapenaeus ensis [41] , while only one copy was identified in most of the other species studied. Whether this represents a unique situation in M. ensis or indicates potential differential functions of multiple apolipocrustacein copies in crustaceans remains to be investigated.
APO of vertebrates. Several APO transcripts were identified by mining the updated genome assembly database (see Materials and Methods). Both tora fugu (Takifugu rubripes) and zebrafish (Danio rerio) had two copies of APOs (Figs. 1 and 2B ). Yet unlike the APO copies of insects that vary in length and structure from gene duplication, both apoB copies from fishes were nearly identical in length and structure. This could be due to the different mechanism in generating the apoB copies in fishes by WGD. On the other hand, apoB existed as a single copy gene in higher vertebrates, including birds and mammals (Figs. 1 and 3B ) [42] . None of the vertebrate APOs contained the C-terminal vWD present in insect APOs, suggesting that this domain was probably present in the last common ancestor of insects.
APOs of other animals. APOs have also been identified in sea urchin and dust mites. The two isoforms of APOs present in sea urchin (Figs. 1 and 5A ) were similar to insect APOs in that they had the vWD (data not shown). One isoform (XP_001178596) had a higher sequence identity to apoLp-II/ I, while the other isoform (XP_785809) was more similar to apoLp-IV and vertebrate apoB except that it was much longer in length (5356 aa). Phylogenetic analysis also supports that the group 14 allergen protein and allergen M-177 precursor of dust mites are APOs (Figs. 1 and 5A ).
Evolution of VTG-Like Proteins
VTG-like proteins of arthropods. In our analysis, there was only one copy of VTG present in all of the investigated lepidopterans, but multiple copies occurred in most of the other insect orders (Fig. 2A) . In contrast to the duplication of insect APO, which occurred shortly after the emergence of the insect ancestor, we surprisingly found that the duplication of VTG seems to be specific to an order or even genus, indicating multiple independent lineage duplications (Fig. 2B) . However, there was only one exopterygote insect (Locusta) included in the analysis, so whether the duplication pattern of VTG is specific to an order or genus remains to be further tested.
MRPs are a group of IPs and constitute a sister group of the insect VTG (Fig. 2A) . This grouping indicates that they may have shared a common gene ancestor to VTG. In comparison to the VTG family, MRPs were shorter in length (average ;1480 aa) and contained incomplete C-terminal b-barrel domains. Despite their similarity in length to insect VTGs, the CPs from two shrimps, Penaeus monodon and Pacifastacus leniusculus, clustered with insect MRPs, forming the IP (Fig.  3A) . Therefore, the VTG-like proteins in arthropods were composed of two families with different functions, one of which has neofunctionalized to be related to the immune Table S1 .
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system, containing the CP of decapods and the MRP of insects. The only exceptions were two proteins identified in the water flea Daphnia magna, each of which contained an extra superoxide dismutase-like domain. In our phylogenetic analysis, these two proteins appeared to be more closely related to the arthropod IP family (Fig. 5A ), which agrees with the hypothesis that these proteins could have arisen through recent horizontal gene transfer [43] . Because no protein structurally equivalent to VTG has been identified in crustaceans (see the earlier section on APO of crustaceans), CPs have been suggested as a VTG orthologue (e.g., [15] ). The roles of APOs and CPs in the reproduction and development of this group of animals clearly warrant further molecular and physiological investigations.
VTG-like proteins of vertebrates. Similar or parallel to the evolutionary pattern of VTGs in insects, a group of VTG-like proteins from fishes of various superorders with unknown functions, which we named as the UP family here, cluster Table S1 .
together to form a sister group to VTGs (Fig. 2B) . To date, only zebrafish VTG3 of the UP family has been extensively studied [19] . Although VTG3 shares high structural similarity with the other VTGs in zebrafish, its expression is only weakly detectable in the liver of the female and is not present in the adipose tissues of either the ovary or intestine in contrast to other VTGs. Moreover, another major difference is that the transcription of VTG3 is not under the regulation of estrogen hormones in the liver. With only a limited amount of functional data in this group, we classified them as UP although we speculate that they may participate in immune defense as do their counterparts in arthropods based on the fact that other vertebrate VTGs have been shown to exhibit hemagglutinating and antibacterial activities [44, 45] . Considering the phylogenetic positions and genomic locations, and that most fishes of the Acanthomorpha contained two copies of VTG in their genomes (Fig. 2B) , the seven annotated copies of VTG in zebrafish genome possibly represent lineage-specific duplications (Fig. 4A) [19] . This would also hold true for the 20 copies of VTG that have been identified in rainbow trout, which have gone through another round of WGD [18] .
Retrotransposon
Although WGD has been the proposed mechanism in explaining the diversification of LLTPs in vertebrates, mainly in ray-finned fishes, as mentioned in the Introduction, WGD cannot readily explain the diversification of LLTPs in invertebrates. Among the six VTGs identified in the nematode C. elegans, five VTGs clustered on the sex chromosome and the last one resided distantly on chromosome 4 (Fig. 4B) [17] . Interestingly, the distribution of VTGs on the zebrafish genome followed a similar pattern with VTG3 being located on chromosome 11 and the other six clustering on chromosome 22 (Fig. 4A) . The RepeatMasker program used to inspect the 10-kb genomic regions flanking each side of the MTP, apolipoprotein, IP/UP, and VTG genes in the yellow fever mosquito and zebrafish also found long interspersed elements and/or short interspersed elements at one or both sides of the sequences adjacent to each of the LLTPs (Fig. 6, data not  shown) . Moreover, BLASTx searches also detected the existence of reverse transcriptase genes together with other core components of non-LTR mediated retrotransposons in these regions.
DISCUSSION
VTGs, APOs, and other LLTPs are known to play important roles in the metabolism and reproduction of animals. However, most of our knowledge has been biased toward vertebrates and arthropods. Furthermore, mechanisms in generating these different families have not been addressed in invertebrates. In this study, we have conducted the most comprehensive phylogenetic and genomic analysis of the LLTP superfamily genes.
First, the nomenclature reclassification reconciles nearly all the existing contradictory view of LLTP genes in animals. Our analysis also reveals the multiple origins of yolk proteins in different metazoans from within the LLTP superfamily, in agreement with the common thought that yolk proteins serve important functions as nutrient reserves; there are few evolutionary constraints on the structure of these molecules such that the biochemical nature is not conserved during metazoan evolution.
The robust classification of LLTP genes into families allows us to offer a framework for further functional studies of the LLTP superfamily. For instance, for the first time, we have shown that two VTG-like protein families were found to independently arise in the lineages of insects. To our surprise, the specific duplication mode of VTG in different insect orders or genera correlates with their diverse sexual determination strategies. In Drosophila melanogaster, the loss of VTG coincides with the appearance of its unique XY sex determination system, whereas all the lepidopterans adopting the ZZ/ZW sex determination system have only a single copy of VTG in each of their genomes. In some social insects such as the honeybee Apis mellifera, which uses the haploid-diploid sex determination system, the VTG has duplicated at least once or even twice [46À48] . In addition to the number of VTG copies presented here, previous studies on VTG expression also support our view for its role in sexual dimorphism. For example, in A. mellifera, the VTG expression pattern among sterile females (workers) and queens of social insects correlates closely with their longevity and social behavior [46À48]. In the silkworm Bombyx mori, VTG has been shown to be the direct target of the doublesex protein, which acts a terminal regulator in sex determination signaling pathway [49À51]. Although it is unclear whether such a correlation is a cause or consequence is EVOLUTION OF LARGE LIPID TRANSFER PROTEIN FAMILY unknown, we speculate that different VTG forms play various functional roles in sexual dimorphism.
Our analyses also support the idea that all LLTPs originate from a series of duplications of a primitive yolk protein similar to extant VTGs, and they make significant advances in the evolution of LLTP genes (Fig. 7) . MTP has been proposed as the progenitor member of the LLTP superfamily [9] , but the identification of VTG-like yolk proteins in cnidarians and placozoans [15, 52, 53] suggests an alternative hypothesis. Ubiquitous to nearly all metazoans, nutrient deposition in eggs is a pivotal step in reproduction, and our data reinforce the idea that a yolk protein (close to VTG) is the most primitive form of the LLTP superfamily [15] . The evolution of LLTPs consists of a series of duplications followed by sharing of functions (subfunctionalization) or taking up new functions (neofunctionalization) (see Results and Fig. 5B ). This ancestral protein could possibly have been established with multiple functions, playing a role in lipid circulation, amino acid deposition, and immune defense (situation A in Fig. 7 ).
MTP and APO families then arose from gene duplications that occurred shortly after the emergence of bilateral animals (situation B in Fig. 7) . Considering that neither APOs nor MTPs has been identified in nonbilaterians, such as placozoan and cnidarians (this study and [15] ), we propose that the respective ancestors of MTP and APO most likely originated from two early consecutive duplications of the primitive yolk protein (VTG). MTP then became truncated in adaption to its major role in stabilizing the lipoprotein particle structure and facilitating lipid circulation in extant animals.
A duplication of the yolk protein then happened in the last common ancestor of arthropods, with one of the copies functioning as the modern VTG and the other evolving with new functions (neofunctionalized) to become the IP family that participates in immune defense. A similar duplication also occurred in vertebrates in addition to WGD, except that another UP family was formed (situation C in Fig. 7 ). Given the high structural similarity, the insect apoLp-II/I and apoLp-IV subfamilies were then possibly formed through gene duplication in the last common ancestor of insects (situation D in Fig.  7) . MTP, apoLp-II/I, and apoLp-IV then become the major components of the insect lipoprotein circulation system [9] , assuming the function of lipid transport from their common ancestor, the primitive yolk protein. WGD happened in vertebrates to generate the multiple copies of APOs.
In the other arthropod lineage, the true orthologue of VTG might have then been lost in the crustaceans (situation E in Fig.  7 ). This group of animals may then have utilized either APO and/or CP as the major yolk protein. Subfunctionalization of LLTP gene family then happened in the insects (situation F in Fig. 7) . In higher dipterans, fruit fly contains only the IP family but not VTG, while lipophorin lipase then serves as the minor yolk protein in the lepidopterans [23, 54] . Such loss of VTG is not arthropod-or protostome-specific, but has also happened in the deuterostome sea urchin [22] . Replacement of the VTG function is however performed by a transferrin-like protein that serves as the major yolk protein (situation G in Fig. 7 ). Further gain of VTG copies occurred across bilaterians, including the nematodes (lineage-specific, Fig. 3B ), insects (order/genusspecific), and ray-finned fishes (by WGD and superorderspecific). This refined hypothesis gives an overview of the evolution of LLTP genes and sets a framework for further functional comparison of LLTP genes across phyla.
Another currently major missing issue in the field is a lack of mechanism in explaining the generation of the different LLTP families. Whilst it is true that there are hypotheses suggesting WGD as a major force for the diversification of VTGs in vertebrates (see Introduction), the major mechanism underlying the generation of invertebrate reproductive components is unclear. In view of the genomic/chromosomal distribution of VTGs, it is possible that the LLTPs could have duplicated through transposable elements and in particular via retrotransposons. While the current data refute the possibility of tandem duplications of VTGs followed by transposition, we favor and postulate the idea of the involvement of transposable elements during this gene family expansion and speculate that the emergence of multiple copies of LLTP genes was possibly mediated by retrotransposition (or together with tandem duplications at certain stages). The continuous jumping and walking of LLTP genes, both inter-and intrachromosomally, subsequently contributed to the diversification of functional reproductive components in various invertebrates and the majority of extant animals.
The LLTP superfamily is among the most versatile of protein families, participating in various physiological functions including reproduction, lipid circulation, and immune defense. However, the functional diversification also makes it arduous to trace the origin of different families. Phylogenetic and genomic analyses in this study have shown that the LLTP superfamily can be divided into four families. The analyses described here also shed light on the evolutionary roadmap and the potential mechanism of the LLTP superfamily. We hypothesize and put forward several ideas: 1) a yolk protein is the common ancestor of all LLTPs; 2) MTP and APO are subfunctionalized from the yolk protein after two early sequential duplications and assumed roles in lipid circulation; 3) the IP family is neofunctionalized from yolk protein after recent duplication in arthropods, and probably also in the UP family in vertebrates; and 4) the evolution and diversification of LLTPs are through retrotransposon-mediated duplication. This work has analyzed the most comprehensive dataset of LLTP genes, enabling us to interpret the relationships and details of these genes to a new dimension across different animal lineages. Together with our solid and new reclassification and hypotheses, all these lay a foundation for further research into comparisons of these important LLTPs in animal metabolism and reproduction.
